ABSTRACT Water accumulation in low-lying areas of product oil pipelines always leads to corrosion damage of pipelines. Predicting the law of product oil carrying water can provide reference for the optimization of pipeline operation parameters and corrosion protection. A Volume of Fluid (VOF) model of oil-water two-phase flow based on Large Eddy Simulation (LES) was established to investigate the diesel oil carrying water behaviors in inclined uphill pipes. Through comparative study of experimental and simulation results based on Reynolds-Averaged Navier-Stokes (RANS) method, it is proved that the two-phase flow model based on LES-VOF can capture flow pattern characteristics such as wavy stratified flow, stratified flow and dispersed flow under different flow conditions. The model was used to simulate the oil carrying water process at different inlet oil flow velocities and inclination angles of uphill pipe on experimental scale. It was found that the shear rate of the oil-water interface increases with the increase of the inlet oil velocity, which leads to the increase of oil carrying water capacity. With the increase of slope angle, the two-phase flow pattern gradually transits from wavy stratified flow to dispersed flow. The model established in this paper provides a new method for the study of oil carrying water in product oil pipeline.
I. INTRODUCTION
In order to reduce the cost and shorten the production time, product oil pipelines are seldom carried out pigging and drying treatment after water transportation, resulting in water accumulation in the pipeline. Due to the difference between the density of oil and water, water tends to deposit in low-lying areas under the action of gravity [1] . Low-lying water is not easy to clean up, so it is easy to produce corrosion products such as rust, which may lead to pipeline silting and sediment accidents [2] , [3] .
Aiming at the phenomenon of water carried by oil in the uphill pipe, Xu et al. proposed a water phase thickness distribution model of horizontal pipes under shear action [4] . When oil flow state is laminar flow, they analyzed the critical water phase thickness corresponding to the formation of water plug in oil-water system and the distribution of water phase thickness in flow direction. They also proposed a prediction model
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of water carrying capacity of oil flow based on the formation of water plug in the lowest and horizontal section [5] , and verified the model by predicting the critical conditions of the capacity of oil carrying water [6] . Xu et al. [7] carried out an experimental study on the distribution of water accumulation, average water content and water phase velocity of oil-water two-phase flow system in uphill transparent resin glass tubes with inner diameter of 50 mm. The oil-water flow patterns were found to develop from the smooth stratified flow to wavy stratified flow and even convert to stratified flow with the increase of the oil flow shear action. Song et al. [8] established an oil-water two-phase flow model based on RANS to study the effects of the superficial velocity of oil phase, inclination angle and initial water volume on flow characteristics. Magnini et al. [9] studied the influence of oil velocity, tube wall wetting condition and water storage on the flow pattern and pumping performance by using the VOF method with diesel oil as carrier phase. Ismail et al. [10] determined a new flow pattern by measuring the pressure drop and liquid holdup changes of oil-water two-phase flow at different flow velocities, namely, Semi-Dispersed flow and Semi-Emulsion interface and Thin Oil film (SDSE&TO). Hanafizadeh et al. [11] explored the flow patterns of different inclination angle of the pipeline with a diameter of 20mm and a length of 6m, and compared it with the existing experimental data. The results showed that non-stratified flow, such as bubble flow and slug flow, was the dominant flow pattern for upward flow, while stratified flow was the dominant flow pattern for downward flow.
It is concluded that there are different flow patterns in the oil-water transportation process of the uphill pipes when the flow velocity or inclination angle changes. Although VOF based on laminar flow can capture various flow patterns, it is totally different from the experimental results in the turbulence flow condition. The RANS turbulent model can only capture the oil-water stratified flow pattern with smooth interface due to the idea of time average, and it can not obtain other flow pattern characteristics.
LES uses spatial average method to separate small-scale and large-scale eddies. Direct simulation of large-scale eddies and empirical turbulence models of small-scale eddies are carried out, which is more accurate than RANS [12] . Alibek et al. [13] used a turbulence model based on LES and VOF to simulate the air-water multiphase flow in the process of dam breaking, which indicates the effective application of LES in the multiphase flow problems. In view of LES model, Piscaglia et al. [14] used VOF to study the effect of flow acceleration in high-pressure injector on internal turbulent structure and subsequent primary atomization. Mostly, LES was used for the study of the flow field in hydraulic retarder [15] , wake characteristics of submarine propeller [16] , wind farm [17] and noise source of diagnostic turbofan [18] . Therefore, according to the characteristics of oil carrying water behaviors in the uphill product oil pipeline, a VOF model of liquid-liquid two-phase flow based on LES is established and applied to verify the effectiveness of the model for oil-water two phase flow.
II. MATHEMATICAL MODEL A. GOVERNING EQUATIONS
In VOF, by sharing the velocity field and pressure field of each phase, a set of single-fluid equations of the whole region including continuity conservation, momentum conservation equation and volume fraction conservation equation are solved [19] .
The continuity equation is:
The momentum equation is:
The volume fraction equation is:
where, u i , u j are the velocities in the direction i and j respectively, m/s; p is pressure, Pa; ρ is the density of oil-water mixture, kg/m 3 ; ν is the kinematic viscosity of the mixture, m 2 /s; F s is the unit mass force obtained by surface tension conversion, m/s 2 ; α is the volume fraction of the liquid phase, dimensionless.
B. LES AND SUBGRID SCALE MODEL
LES model introduces filters to the Navier-Stokes (N-S) equation. The unsteady N-S equation is used to directly simulate large-scale eddies in the flow field. Subgrid Scale(SGS) model is used to simulate the effect of small eddies [20] . Velocity is decomposed into filtered velocity u i and subgrid velocity, that is:
The filtering process is performed by using a spatial filtering function, and the filtered N-S equation is as follows:
where, u i , u j are filtered velocities in directions i and j respectively, m/s; t is the time, s; p is the filtered pressure, Pa; The superscript ''-''indicates the solvable scale physical quantity of LES filtering; ρ is the density, kg/m 3 ; In SGS model, τ ij is the SGS stress tensor and is shown as follows:
where, S ij = 1 2
is the strain rate tensor; µ sgs is the eddy viscosity and has two commonly used forms.
2 S is the coefficient under the Smagorinsky model [17] , whereas µ sgs = ρ (C w )
is the eddy viscosity of Wall-Adapting Local Eddy-Viscosity (WALE) model [21] . Among them, is filter width and 
C. SURFACE TENSION MODEL
Surface tension plays a significant role in oil-water two-phase problems, and its model has two representations: Continuum Surface Force (CSF) and Continuum Surface Stress (CSS). The CSF model adds a source term to the momentum equation to implement surface tension effect. The surface tension is calculated as follows [19] :
where, σ is the coefficient of surface tension, N/m;k (x) is the curvature on the oil and water surface;
→ n is the unit normal vector on the interface.
The formula for → n is:
where, c (x) is an artificially introduced color scale function. The curvature calculation formula is as follows:
III. NUMERICAL MODEL A. GEOMETRIC MODEL
In this paper, the product oil pipeline is simplified as a combination of horizontal straight pipe, elbow and inclined straight pipe, which corresponds to the low-lying section and the uphill section of the product oil pipeline, respectively. The simulated domain is the uphill pipeline of experimental scale in reference [8] , as shown in Fig. 1 . The relevant geometric model parameters in the figure are shown in Table 1 .The oil phase flows into the left side of the horizontal pipe, carries the water accumulated at the bottom of the inclined pipe, and flows out from the outlet of the upper part of the inclined pipe. 
B. GRID
The model in Fig. 1 is meshed with structured hexahedral mesh, and the positions where the flow field changes violently are encrypted to improve the computational accuracy in this area. The meshing is shown in Fig. 2 . The mesh quality is checked by using three indexes: element quality, Equiangle Skewness and Max ortho, as shown in Fig. 3 .
C. BOUNDARY CONDITIONS AND PHYSICAL PARAMETERS
The left side of the horizontal pipe is set as the oil velocity inlet boundary condition. The velocity value is between reference [8] . Due to the dramatic changes of the pipeline elevation from Lanzhou to Jiangyou, the slope angle of this product oil pipeline ranges from 10 • to 40 • . Therefore, the inclination angles of the pipes are set as 10 • , 20 • , 30 • and 40 • , respectively. The simulated fluid media is diesel oil and water. The physical parameters are shown in Table 2 .
D. NUMERICAL PROCEDURE
In this paper, VOF and LES methods were used to simulate the oil-water multiphase flow, and Commercial CFD software Fluent 14.5 was used to solve all the governing equations. The pressure velocity coupling equation was solved by PISO algorithm, and the correction coefficient of skewness and neighbor elements were both 1.The methods of Least Square Cell Based and Bounded Central Differencing were used to handle gradient terms and momentum equation respectively. The spatial discretization of pressure and volume fraction is PRESTO and First Order Upwind, respectively.
E. GRID INDEPENDENCE VERIFICATION
In order to verify the independence of grids, five grids cases with the cell numbers of 1573425, 2818048, 3401700, 4296699 and 5326366 were used to simulate respectively. The appropriate grids were selected by comparing the velocity distribution of the five groups of grids at S1 in Fig. 1 under the same parameter settings. The inlet oil-phase velocity was set as 0.25 m/s, and the flow of water carried by oil was simulated on these grids. The velocity distribution along the x direction when t = 12.0 s is taken out, as shown in Fig. 5 . It can be seen that as the number of grids increases, the results of the five grids are approaching in the same direction. When the number of grids is 4296699 and 5326366, the two velocity distribution curves are almost identical. Therefore, for the sake of accuracy and efficiency, the grid with cell number 4296699 is selected as the final simulation grid.
F. Y + ANALYSIS
y + is the typical Reynolds number of vortex at y, which also represents the change of viscosity effect with y, where y is the distance from the wall. LES theory holds that when y + value is less than 1, the size of the grid can provide sufficient spatial resolution to ensure the accuracy of the simulation results [22] . The distribution of y + after simulation with the grid number 4296699 is shown in Fig. 6 . As can be seen from the figure, the y + of the adopted grids along the x direction are all less than 1, which meets the requirements of LES for spatial resolution and wall processing enhancement.
IV. ANALYSIS OF SIMULATION RESULTS

A. EXPERIMENTAL RESULTS
A verification experiment of oil-water two-phase flow pattern in an upward inclined pipe was carried out on a closed circulation device [8] . In the experiment, the superficial velocity of oil phase is 0.25 m/s, and the inclination angles are 10 • and 40 • , respectively. The experimental results are shown in Fig. 7 . In order to clearly recognize the flow patterns of oil-water two phase in the uphill pipe, an image processing method [24] including gray scale processing, median filtering and edge detection was applied to segment oil-water interface in the flow image. The processing results of the above two images are shown in Fig. 8a and Fig. 11a .
B. COMPARISON BETWEEN SIMULATION RESULTS AND EXPERIMENTS
In order to verify the effectiveness of LES, LES and the standard k-ε turbulence models [23] were respectively adopted to simulate the flow of water carried by diesel oil in inclined pipes under the same conditions. The results of both turbulence models are compared with the experimental images in Fig. 7 .
Under the condition of v = 0.25 m/s and α = 10 • , the oil-water two-phase phase distribution and streamlines are investigated, as shown in Fig. 8 . It can be seen from Fig. 8a   FIGURE 9 . Vorticity Contours of two methods (T = 3.0s). that the experiment results are typical wave-like stratified flow. The water phase accumulates at the bottom of the uphill section, while the diesel oil occupies other positions, and the oil-water interface appears obvious wave-like. From Fig. 8b , it can be seen that the oil-water phase distribution obtained by LES is also wavy stratified flow with 100% water phase at the bottom and 100% oil phase at the top of the pipeline in the uphill section, and the oil-water interface also presents wavy-like. As can be seen from Fig. 8c , the distribution of oilwater two-phase simulated by RANS is basically the same as that in the experiment and LES, but the characteristic of wavy interface in experiment can not be captured. The magnitude and the Q criterion of vorticity shown in Fig. 9 and Fig. 10 are usually used to characterize the vortex motion of flow, indicating the degree of chaos in the flow. It can be seen that the contours of RANS do not change obviously, which indicates that RANS cannot capture the vortex structures of oil carrying water behaviors under this working condition. From the results of LES in Fig. 9b , it can be seen that the vorticity magnitude contours change obviously on the interface of oil and water phase, and the Q criterion in Fig. 10b also shows there are vortex structures on the interface. Theoretically, due to the velocity difference between oil and water phases, the shear action of the oil-water interface will inevitably generate vortex structures during two phase interaction in inclined pipeline.
In order to further verify the consistency between LES and the experiment, the distribution of oil-water two phases with v = 0.25 m/s and α = 40 • is compared, as shown in Fig. 11 . The experimental results obtained by the image processing method are shown in Fig. 11a . It can be seen from the figure, there is an oil-water two-phase stratified flow before entering the uphill section. Most of water quickly dispersed into the oil phase in the inclined section, forming a flow pattern with the characteristics of dispersed flow. Fig. 11b shows that stratified flow also exists at the bottom of the uphill section. The water gradually distribute evenly in the pipeline after entering the upward section, forming the dispersed flow, which indicates that LES can capture the flow pattern of the oil carrying water process.
Through comparative analysis, LES can well capture the flow pattern characteristics of water carried by oil than RANS in an uphill pipe, no matter it is oil-water two phase stratified flow or dispersed flow.
C. LES ANALYSIS OF OIL CARRYING WATER PROCESS
In this section, the LES-VOF simulation results of the dynamic process of oil carrying water in inclined pipe with an average inlet velocity of 0.20 m/s is carried out. The phase distribution and vortex structure contours at different time points are obtained, as shown in Fig. 12 and Fig. 13 , respectively.
From Fig. 12 , it can be seen that the water phase is slowly accumulated to the bottom of the elbow and inclined pipe under the shear action of the diesel oil at 2.0 s ∼ 4.5 s. During this period, the flow pattern of oil-water two-phase is a smooth stratified flow. The height of accumulated water in the inclined pipe becomes higher when the time is 6.0 s ∼ 7.0 s. As the effective flow area of the oil phase decreases, the velocity of the oil phase increases and the velocity difference between two phase increases, which leads the transition from stratified flow to wavy stratified flow. When the simulation time is 8.0 s∼12.0 s, the oil phase is compressed at the peak, the flow rate increases and the pressure of the pipeline decreases. The situation at the trough is opposite to that of the crest, then the fluctuation gradually develops into vortices. The vortices disturb the oil-water interface and result in the wavy flow. This process will continue until a large amount of accumulated water is taken away from the inclined pipe, and a groove is formed at the lower part of the uphill pipe. When the time is 14.0s∼18.0s, a large plenty of water is carried away from the inclined pipe, and a small quantity of water flows along the upward pipe with a relatively stable wavy flow.
As shown in Fig. 13 , at the beginning of oil carrying water, the vortex structures are small and mainly concentrated in the elbow and the oil-water two-phase interface. With continuous injection, the vortex structure gradually expands and diffuses from the oil-water interface to the inclined tube. When the simulation time is between 8.0 s and 12.0 s, the vortex structure rapidly diffuses to the whole inclined tube. When the simulation time is between 14.0 s and 18.0 s, the vortex structures decreases gradually and diesel oil carries water slowly.
Under the shear action of the oil phase, the water in the horizontal pipe is stacked in a stratified flow to the inclined pipe, and the water is accumulated to a certain height at 6.0 s, shown in Fig. 12 and Fig. 13 . At this point, the flow pattern is transformed into a wavy stratified flow. The oil phase rapidly carries the water to the top of the upward pipe as shown in the figure, and this change is accompanied by great changes of vortex structure in the flow field of the same section. As a consequence, it can be considered that wavy stratified flow with large vortex structure is easier to carry accumulated water than stratified flow.
D. INFLUENCE OF OIL PHASE INLET VELOCITY 1) OIL-WATER TWO-PHASE DISTRIBUTION
Using the same numerical model, the simulations of the oil carrying water process are carried out at different diesel oil inlet velocities (v = 0.10 m/s∼0.35 m/s) with α = 10 • . Fig. 14 shows the distributions of two phases and streamlines at different velocities when t = 7.0s.
In Fig. 14 , it is shown that the velocity difference between oil and water is small and the shear action is weak when the average inlet velocity of diesel oil is small. The water phase mainly distributes at the end of horizontal pipe and the bottom of inclined pipe. With the increase of diesel oil velocity, the shear force increases, and the water phase is gradually carried to the middle and upper part of inclined pipeline. When the average inlet velocity of diesel oil is 0.25 m/s, a large amount of water phase has been taken away from the inclined tube. From the streamlines distribution in the figure, there is a backflow in the middle and lower parts of the pipeline. When the average inlet velocity of diesel oil is 0.10 m/s, the flow state is laminar. The streamlines of the oil phase in the upper part of the pipe are disturbed less. When the velocities of diesel oil are 0.15 m/s and 0.20 m/s respectively, the flow state changes to turbulent flow, and the fluctuation of the oil-water interface disturbs and distorts the streamline. When the velocity is 0.25 m/s, a lot of water is taken away from the inclined pipe, and there is little water at the bottom of the pipe. The influence of disturbance on streamlines will gradually decrease. When the oil inlet velocities are 0.30 m/s and 0.35 m/s respectively, the water at the bottom of the pipeline is almost carried away by the diesel oil, and the streamlines are not affected by disturbance at this time.
2) VELOCITY DISTRIBUTION ON A-A PLANE
In the model with α = 10 • , the distributions of velocity and shear rate at T = 7.0 s are obtained from S1 of A-A profile in Fig. 1 , as shown in Fig. 15 . As can be seen from Fig. 15a , the velocity in the middle of the upper part of the pipeline is high, while the velocity at both ends is low. From the shear rate curves in Fig. 15 , it can be seen that the maximum shear rate is located at y = 21.7 mm, y = 18.9 mm, y = 14.8 mm, y = 11.3 mm, y = 11.0 mm, y = 8.4 mm for different velocity cases from 0.10-0.30 m/s and the maximum shear rate are 36.8 s −1 , 45.2 s −1 , 58.2 s −1 , 78.8 s −1 , 96.0 s −1 respectively. With the increase of average diesel oil velocity, the maximum shear rate gradually moves along the negative direction of Y axis, and the maximum positive shear rate increases accordingly, as shown in Fig. 15b .
With the increase of the average diesel oil velocity, the volume fraction of water phase at S1 position decreases. The oil-water interface and the severe shearing position moved down. With the increase of the average diesel oil velocity, the difference between oil and water velocity also increases, so does the shear rate.
3) CAPACITY OF DIESEL CARRYING WATER
Under the condition of variable flow rate in 10 • inclined pipe, the curves of residual water mass in the pipe at different simulation time are obtained, as shown in Fig. 16 . When the inlet average velocity of diesel oil is 0.10 m/s, the mass of residual water decrease slowly, and the remaining water is 281.7 g at the simulation time of 18.0 s. The water carried speed of 0.20 m/s is slightly faster than 0.15 m/s, and the residual water mass at the time of 18.0 s is 134.2 g and 163.7 g respectively. When the average velocity is 0.25 m/s, the residual water mass decreases rapidly, and the residual water mass is 46.0 g at the same time point. When the average velocity is 0.30 m/s and 0.35 m/s, the mass of residual water is 30.1 g and 19.4 g, respectively. Therefore, it is concluded that the capacity of diesel oil carrying water is proportional to its inlet velocity. As seen in the enrichment area of water phase, when the inclination angle is 10 • , the water layer with high water content is located at the end of the horizontal pipe and the bottom of the upward pipe, and also in the middle and upper part of the inclined pipe near the lower pipe wall. With the increase of the inclination angle of pipeline, the water layer with high water content mainly distributes at the end of horizontal pipe, while the water layer with high water content near the lower pipe wall in the middle and upper part of inclined pipe gradually disappears.
Inclination angle of the pipeline shows great influence on oil-water two-phase flow pattern. When the inclination angle is 10 • , the oil-water two phases are distributed smoothly in the inclined pipe, named smooth stratified flow. When the inclination angle is 20 • and 30 • respectively, the oil-water two-phase flow becomes chaotic. Typically, it flows in a wavy shape in an inclined pipe, and then the flow pattern changes to a wavy stratified flow. When the inclination angle is 40 • , a two phase flow pattern called dispersed flow is formed, which means a thorough mixture of oil phase and water phase in the inclined section of the pipe. According to the velocity distribution at the elbow, waterphase accumulates and the flow area of oil phase decreases. There is a strong shear action between oil-water two phase with the increase of flow velocity, which results in the movement of water phase from the elbow to the inclined pipe. In terms of velocity distribution in inclined pipe, when the inclination angle is small, the position with higher oil phase velocity is distributed at the upper part of the whole upward pipe. With the increase of inclination angle, the kinetic energy of oil-water two-phase is transformed into potential energy, which results in the velocity of oil phase in inclined tube being smaller than that in lower part. inlet velocity of 0.25 m/s. From the general trend of the curves in the figure, the capacity of diesel oil carrying water is directly proportional to the pipe inclination. When the inclination angle is small, the flow pattern in the tube is mainly smooth stratified flow or wavy stratified flow. When the inclination angle is large, the flow pattern in the tube becomes dispersed. The driving force of water phase moving to inclined pipe in stratified flow and wavy stratified flow mainly comes from the shear action of diesel oil phases. With the increase of inclination angle, flow pattern changes to dispersed flow. The driving forces of water phase movement along inclined pipe are composed of frictional shear action of diesel oil and additional turbulence shear action. As a result, the diesel oil carrying water capacity increases with the increase of inclination angle in the range of 10 • to 40 • . (2) By analyzing the dynamic process of water carried by diesel oil with v = 0.20 m/s and α = 10 • , it is found that the accumulated water phase begins to rise under the shear action of the oil phase, and forms stratified flow. The instability of the oil-water interface produces a large number of vortices, forming a typical wavy stratified flow until the water phase at the bottom of the uphill pipe disappears completely.
(3) For this experimental scale model, when the inlet diesel oil phase velocity increases from 0.10 m/s to 0.35 m/s, the shear rate of the oil-water two-phase interface at the inlet face of the uphill section increases from 36.8 s −1 to 113.7 s −1 , and the capacity of diesel oil carrying water is greatly improved.
(4) When the inclination angle changes from 10 • to 40 • , the oil-water two-phase flow pattern in the uphill pipe is converted from typical smooth stratified flow and wavy stratified flow to dispersed flow. The vortex structure is expanded from the oil-water interface to the whole uphill pipe, and the capacity of diesel oil carrying water increases slightly with the increase of the angle.
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